In a previous study, we demonstrated that β1,3-N-acetylglucosaminyltransferase 5 (B3gnt5) is a lactotriaosylceramide (Lc 3 Cer) synthase that synthesizes a precursor structure for lacto/neolacto-series glycosphingolipids (GSLs) in in vitro experiments. Here, we generated B3gnt5-deficient (B3gnt5 −/− ) mice to investigate the in vivo biological functions of lacto/neolacto-series GSLs. In biochemical analyses, lacto/neolacto-series GSLs were confirmed to be absent and no Lc 3 Cer synthase activity was detected in the tissues of these mice. These results demonstrate that β3GnT5 is the sole enzyme synthesizing Lc 3 Cer in vivo. Ganglioside GM1, known as a glycosphingolipid-enriched microdomain (GEM) marker, was found to be upregulated in B3gnt5 −/− B cells by flow cytometry and fluorescence microscopy. However, no difference in the amount of GM1 was observed by TLC-immunoblotting analysis. The GEM-stained puncta on the surface of B3gnt5 −/− resting B cells were brighter and larger than those of WT cells. These results suggest that structural alteration of GEM occurs in B3gnt5 −/− B cells. We next examined whether BCR signaling-related proteins, such as BCR, CD19, and the signaling molecule Lyn, had moved into or out of the GEM fraction. In B3gnt5 −/− B cells, these molecules were enriched in the GEM fraction or adjacent fraction. Moreover, B3gnt5 −/− B cells were more sensitive to the induction of intracellular phosphorylation signals on BCR stimulation and proliferated more vigorously than WT B cells. Together, these results suggest that lacto/neolacto-series GSLs play an important role in clustering of GEMs and tether-specific proteins, such as BCR, CD19, and related signaling molecules to the GEMs.
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−/− B cells were more sensitive to the induction of intracellular phosphorylation signals on BCR stimulation and proliferated more vigorously than WT B cells. Together, these results suggest that lacto/neolacto-series GSLs play an important role in clustering of GEMs and tether-specific proteins, such as BCR, CD19, and related signaling molecules to the GEMs. A lmost all organisms possess lipids and proteins to which a broad range of carbohydrate chains are linked. Some carbohydrate structures are known to participate in vital processes, such as the molecules responsible for cell-cell, receptor-ligand, and carbohydrate-carbohydrate interactions. It is known that glycosphingolipids (GSLs) have an important role in biological functions. In mammals, GSLs can be classified into several major classes, such as globo-, isoglobo-, ganglio-, and lacto/neolactoseries GSLs and others (Fig. S1 ). Gangliosides that contain one or more sialic acids on their carbohydrate chains modulate the responsiveness of signaling molecules and cell surface receptors (1) . Some functional carbohydrate antigens, such as blood group Lewis antigens and the HNK-1 antigen, are carried on lacto/ neolacto-series GSLs. During the development of hematopoietic cells, expression of HNK-1 (CD57) and Lewis-related antigens on lacto/neolacto-series GSLs is spatially and temporally regulated; the expression of such GSLs is also dramatically changed during the immune response (2) .
Membrane microdomains are cholesterol-and GSL-rich components of the plasma membrane, also known as glycosphingolipidenriched microdomains (GEMs), glycosphingolipid-signaling domains, lipid rafts, detergent-resistant membrane structures (DRMs), or detergent-insoluble glycolipid-enriched complex (3) (4) (5) . General/ classic lipid rafts, referred to here as GEMs, serve as platforms for different mechanisms of cell signaling. GEMs contain other sphingolipids, cholesterol, GPI-anchored proteins, many receptor molecules, and selected signaling molecules. GSLs are major components of GEMs. GSLs in microdomains are involved in various biological functions, such as signal transduction, toxin and infection receptors for bacteria and viruses (6), cell adhesion (5, 7), and cell growth modulation (8) . It is thought that the most probable function exerted by GSLs in microdomains is to concentrate proteins that play a role in transmembrane signaling events and their regulated activation (9) . GEMs also contain many important molecules, including immunoreceptors, such as the B cell receptor (BCR), T cell receptor (TCR), CD4, and CD8 among others, as well as cellular signaling molecules (10) (11) (12) (13) (14) . It is known that GPI-anchored glycoproteins, such as CD48, CD59, and others, are also localized within GEMs. Recent studies have also shown the importance of GEM formation in cell differentiation and the acquired immune response among other processes. In T cells, clustering of GEMs regulates sustained TCR signaling because this process maintains engagement of the TCR with costimulators, such as CD28 and GPI-anchored glycoproteins, leading to partitioning within GEMs and resulting in exclusion of large highly glycosylated proteins, such as CD43 and CD45 (15) . For facilitating sustained TCR signal transduction, TCR localization within GEMs results in high local concentrations of TCR signal-related molecules, such as protein tyrosine kinases and signal transducers, and the exclusion of CD45 phosphatase activity, which negatively regulates TCR signaling.
β1,3-N-acetylglucosaminyltransferases (β3GnTs) transfer an N-acetylglucosamine (GlcNAc) from UDP-GlcNAc to Gal on the nonreducing end of the carbohydrate chain with a β1,3-linkage. At present, eight members of the human β3GnT family have been cloned and characterized (16) . In a previous study (17) , β3GnT5 was cloned as lactotriaosylceramide (Lc 3 Cer) synthase and characterized as a key enzyme for the biosynthesis of lacto/neolactoseries GSLs (17, 18) . B3gnt2 (β3GnT2) mRNA is ubiquitously expressed in mouse tissues, and thus also in B cells, T cells, and other immune cells. The previous study demonstrated that B3gnt2 −/− B and T cells, which lack polylactosamine (PLN) on the N-glycans of their glycoproteins, showed hyperactivation following BCR or TCR/CD28 stimulation (19) . Thus, PLN chains on glycoproteins have an important role in determining thresholds for in vitro immunocyte activation. On the other hand, we and other groups have observed that the expression of B3gnt5 mRNA is limited mainly to B cells (Fig. S1 ). We are also interested in the functions of PLN chains not only on glycoproteins but on GSLs in B cells.
It has been reported that disruption of the B3gnt5 gene leads to preimplantation lethality; therefore, no individuals homozygous for B3gnt5-null alleles are viable (20) . However, we have succeeded in generating B3gnt5-deficient mice by a different approach, for example, by using a different ES cell clone and genomic construction (targeting vector). The B3gnt5 −/− mice generated in this study were viable and fertile and showed normal growth, although they were B3gnt5-null in all tissues tested. Thus, this study on gene-disrupted mice lacks lacto/neolactoseries GSLs. We found that abnormal formation of GEMs was significantly increased in B3gnt5 −/− mice. This observation prompted us to investigate whether the mice show immunological disorders of B cells and how lacto/neolacto-series GSLs are involved in BCR/CD19 signaling.
Results

Generation of B3gnt5
−/− Mice. Quantitative real-time RT-PCR analysis confirmed that B3gnt5 mRNA expression was present at a high level in immune organs and/or cells (Fig. S1 ). To analyze whether disorders of the immune system would occur in its absence, we generated B3gnt5-deficient mice.
To confirm the generation of B3gnt5-deficient mice, we analyzed expression of the B3gnt5 gene and lactotriaosylceramide (Lc 3 Cer)-synthesizing activity in the tissues of WT and B3gnt5 −/− mice. Previously, we reported that the HL-60 cell line expressed abundant B3gnt5 transcripts, whereas the Jurkat cell line did not (17) . In Fig. 1 , tissue homogenates of WT mice showed apparent activity of Lc 3 Cer synthase in all organs except the cerebrum. This is consistent with a previous report by others in which the adult cerebral cortex was found to express little or no B3gnt5 transcript. In contrast, the adult cerebellum expresses B3gnt5 transcripts at a comparatively high level in Purkinje cells (18) . Tissue homogenates of B3gnt5 −/− mice exhibited no Lc 3 Cer-synthesizing activity. These results indicate that there is no other glycosyltransferase with Lc 3 Cer-synthesizing activity.
Glycan Structure of GSLs Extracted from Tissues of WT and B3gnt5-Deficient Mice. We performed TLC-immunoblotting using antiGlcNAc Ab (kindly provided by Minoru Suzuki, RIKEN, Saitama, Japan) on GSLs from the cerebellum. Orcinol staining revealed no differences in the patterns of GSLs (Fig. S2) . This is probably attributable to the low content of lacto/neolacto-series GSLs as compared with gangliosides. However, the immunoblotting results shown in Fig. S2 clearly demonstrated that Lc 3 Cer (amino-CTH) was absent in the B3gnt5 −/− cerebellum. On the other hand, we could not detect the signal for Lc 3 Cer on TLC (-immunoblotting) analysis of spleen, probably because the amount of Lc 3 Cer was too low in total GSLs. Orcinol staining again showed no difference between WT and B3gnt5 −/− mice in acidic GSLs from spleen (Fig. S2) . By immunostaining the acid fraction of GSLs treated with sialidase, at least three positive bands were detected in WT spleen using the 1B2-1B7 mAb (Fig. S2) . These bands entirely disappeared in B3gnt5 −/− mice. It is known that mAb 1B2-1B7 reacts with neolactotetraosylceramide (nLc 4 Cer), nLc 6 Cer, and other glycolipids having LacNAc units at the nonreducing end of their carbohydrate chains.
As seen from the results of MS analysis ( Fig. 1 and Fig. S2 ), we confirmed the loss of elongated GSLs on Lc 3 Cer in B3gnt5 −/− B cells. Signals of nos. 7 and 16 were absent in B3gnt5 −/− mice, although they were present in WT B cells. No. 7 was identified as Galβ1-4GlcNAcβ1-3(Galβ1-4GlcNAcβ1-6)Galβ1-4Glc, which is one of the lacto/neolacto-series GSL structures, using the method described in SI Experimental Procedures and Results. The m/z (1,987.147) of no. 16 indicates three candidates that are possibly ganglio-series glycolipids or lacto/neolacto-series GSLs, as listed in Table S1 . In in vitro recombinant β3GnT5, enzyme acts on ganglio-series GSLs, including GA1, GM1 (GM1a), and GD1b, as an acceptor substrate (18) . Therefore, this is likely to be one of the lacto/neolacto-series GSLs having a Hex −/− B cells. These molecular masses correspond to both ganglio-series and lacto/neolacto-series GSLs, as listed in Table S1 . A mixture of both ganglio-series and lacto/neolacto-series GSLs may be contained in these samples, and the lack of lacto/neolacto-series and/ or minor ganglio-series GSLs in B3gnt5 −/− B cells may reflect this.
Flow Cytometry and Immunoblot Analyses of PLN Using Lycopersicon esculentum Lectin. Our previous study indicated that of the four members of the β3GnTs, β3GnT2 exhibits the strongest PLN synthetic ability in vitro and that β3GnT5 shows lower activity, ∼30% of that of β3GnT2 (17) . To examine whether PLN on glycoproteins is affected in B3gnt5 −/− mice, flow cytometry (FCM) analysis of splenocytes was performed using Lycopersicon esculentum (LEL) lectin. This lectin binds to PLN chains having at least three LacNAc repeats. By FCM, no difference between WT and B3gnt5 −/− splenocytes and B cells in LEL staining at the cell surface was observed (Fig. S3) . As seen in Fig. S3 , blotting analysis using LEL showed strong signals for both WT and B3gnt5 −/− splenocytes without any significant difference of intensity as compared with B3gnt2 −/− splenocytes. This suggests that β3GnT5 is not involved in the expression of PLN chains on glycoproteins.
FCM Analysis of Hematocytes in B3gnt5-Deficient Mice. To investigate whether hematocytes manifest aberrant cell distribution or development in B3gnt5
−/− mice, we analyzed the expression of a series of CD antigens on the cell surface of peripheral blood and splenic cells using FCM. The antigens investigated were the same as those described in a previous study (19) . No significant disturbance in the ratios of cell populations, such as T cells, B cells, monocytes, or granulocytes, was observed. However, we documented a marginal increase in Ab levels in intact mouse serum; the levels of total IgG, IgG 2a , and IgG 2b were increased in B3gnt5 −/− mice as compared with WT mice (Fig. S4) . Lacto/neolacto-GSLs are known to be localized in GEMs on the cell surface. However, some antibodies that bind to lacto/neolacto-GSLs, such as the anti-LacNAc mAb 1B2-1B7, are known to cross-react with carbohydrate antigens on glycoproteins. Therefore, we investigated GSL antigens on the cell surface (i.e., GM1, GM3, Gb3, others) as GEM markers. In a series of FCM analysis, we were interested to observe that the intensity of GM1 staining with Ab or cholera toxin B subunit (CT-B) was significantly increased in the B cells of B3gnt5 −/− mice as compared with WT mice (Fig. 2) . GM1 levels were increased on splenic B cells ( BCR and CD19 antigens on the B cell surface were not different in WT and B3gnt5 −/− mice. There was also no difference in the level of expression of these molecules in WT or B3gnt5 −/− mice, as assessed by Western blotting (Fig. S5) . Because it is known that many GPI-anchored proteins are localized in GEMs, we examined the expression profiles of other GPI-anchored proteins, such as CD48. However, we found no differences between WT and B3gnt5 −/− mice in any expression profiles. In contrast to these findings with B cells, T cells did not manifest any differences in GM1 expression detected by CT-B. This may be interpreted in relation to their initially low expression of B3gnt5 transcripts.
Microscopic Analysis of GEMs in B Cells. We observed GEM formation on the cell surface using cholera toxin as a probe, because it is known that CT-B binds to GM1. CT-B and various GPIanchored proteins have been defined and identified previously as components of GEMs. CT-B staining of the cell surface showed a punctate pattern by fluorescence microscopy (Fig. 3) . This pattern was identical to that reported in previous studies. In the present study, the puncta on the surface of B3gnt5 −/− resting B cells were much brighter and larger and their number was significantly increased as compared with WT. These CT-B staining levels for the puncta of B3gnt5 −/− resting cells were almost as high as for stimulated WT B cells (Fig. 3) . Thus, the B cells of B3gnt5 −/− mice may be easier to activate; furthermore, the staining levels of puncta were increased even more in stimulated B cells of B3gnt5 −/− mice as compared with stimulated WT cells. Because GM1 staining on FCM was up-regulated, we examined six transcripts for glycosyltransferase genes involved in the synthesis of GM1 in resting B cells from WT and B3gnt5 −/− mice. By the comparative PCR method using real-time PCR (Fig. S6) , there were no significant differences between the B cells of WT and B3gnt5
−/− mice in the levels of these six transcripts. No expression of B3gnt5 mRNA in resting B cells of B3gnt5 −/− mice could be confirmed. In addition, the pattern of MS spectra indicated no marked change in the amount of GM1, with the exception of the decreased peak intensity related to lacto/neolactoseries GSLs. (Fig. 1 and Fig. S2 ). However, MS analysis and orcinol staining of GSLs on TLC (Fig. S6) are, in general, poorly quantitative. Therefore, the total amount of GM1 in B cells was determined by TLC-immunoblotting using HRP-conjugated CT-B. Total amounts of GM1 did not differ between WT and B3gnt5 −/− mice (Fig. S6 ).
Distribution Analysis of GEM Proteins. As reported in the previous studies, we observed in this study that BCR, CD19, and Lyn of B cells were colocalized in low-density membrane fraction GEMs (Fig. 4 , designated fractions 1-4) prepared in medium containing 1% Triton X-100 and separated by sucrose density gradient centrifugation. We analyzed the behavior of BCR transductionrelated proteins in GEMs after stimulation with anti-BCR Ab and anti-CD19 Ab cross-linking (Fig. 4) . Western blotting showed that the BCR and CD19 antigens from B cells of B3gnt5 −/− mice were markedly increased in the GEM fraction, as compared with WT mice. In addition, larger amounts of Lyn kinases were located in the GEM fraction in B3gnt5 −/− B cells. On the other hand, we determined that not only cross-linking of BCR together with CD19 but cross-linking of CD19 alone resulted in abnormalities in the GEM structure. This suggests that GEM-related molecules, such as BCR, CD19, and Lyn, show increased motility into GEM (fractions 1-4; Fig. S7 ). These results indicated that B3gnt5 −/− B cells might be in a state in which they could be more easily activated by external stimuli as compared with WT B cells. We therefore propose that GEM abnormalities are present in bands (Fig. 5) . Immunoblotting with Ab 4G10 showed that tyrosine phosphorylation of multiple proteins in B3gnt5 −/− B cells was dramatically increased as compared with WT mice.
Enhanced Response of Stimulated B3gnt5-Deficient B Cells. BCR and CD19 are major immune receptors and costimulatory molecules, respectively, for B cell activation (21) . Because the behavior of these molecules in GEMs was different between WT and B3gnt5 −/− B cells, we examined the impact of lacto/neolacto-GSL deficiency on B cell proliferation. Resting B cells were stimulated with anti-BCR (anti-IgM) and assessed for proliferation after 2 d. A greater proliferation of B3gnt5 −/− than WT splenic B cells was observed with low concentrations of anti-BCR (Fig. 5) . These results indicate that the lack of PLN in GSLs of B cells lowers the cellular threshold for proliferation triggered by BCR stimulation. In addition, we examined the in vivo response to the T-independent type II antigen [TI-II antigen, trinitrophenol (TNP)-Ficoll]. The specific Ab response to TNP was slightly up-regulated in B3gnt5 −/− mice (Fig. 5C ). The levels of IgM production were up-regulated at an early stage of the response in B3gnt5 −/− mice as compared with WT mice. However, 14 d after immunization, differences between WT and B3gnt5 −/− mice were no longer apparent in the levels of TNPspecific Ab produced.
Discussion
The results of previous studies had strongly indicated that β3GnT5 was the most feasible candidate for the Lc 3 Cer synthase (17, 18) . We had also determined that mouse B cells expressed abundant B3gnt5 transcripts and possessed Lc 3 Cer synthase activity. To approach the question of the significance of lacto/neolacto-series GSLs in biological function, we generated B3gnt5 −/− mice. In the present study, we confirmed that Lc 3 Cer synthase activity was undetectable in any of the tissue homogenates of B3gnt5 −/− mice examined. These results indicate that Lc 3 Cer synthase is the sole enzyme responsible for the extension of PLN chains on lacto/neolacto-series GSLs.
Lacto/neolacto-series GSLs contain sialic acid or sulfate, resulting in sialylparagloboside, sulfoglucuronylglycolipid, and other was performed by two-way ANOVA using PRISM4 software. The levels of IgM in serum are presented as mean (symbols) ± SE. *P < 0.05. similar derivatives. Mouse lymphocytes contain globo-series GSLs (Gb3 and Gb4) and ganglio-series GSL (GM3) (22) , but it was not known whether they possessed neolacto-series GSLs. There is a report that human B cells contain nLc 4 Cer (paragloboside) (23) .
In the present study, we demonstrated that three major GSL bands, which were detected by the 1B2-1B7 mAb after sialidase treatment, were absent from the splenocytes of B3gnt5 −/− mice. This was confirmed by MS showing the absence of branching structures elongated on Lc 3 Cer.
We investigated whether lacto/neolacto-series GSLs have an important role in biological functions, particularly in the immune system. The results indicated that B3gnt5 −/− mice showed an enhanced response to BCR/CD19 stimuli. Recent studies have shown the importance of appropriate GEM formation for cell activation. Incorporation of a number of receptors, including the BCR, TCR, and GM1, into GEMs constitutes an important step in receptor function. After stimulation with various different agents, receptors and signaling molecules are incorporated into GEMs, effectively accumulate, and interact to result in signal transduction from the site of aggregation (i.e., GEMs). In T cells, aggregation of GEMs by cross-linking with CT-B, analogous to TCR cross-linking, induces signaling events and the respective signaling molecules are phosphorylated (24) . We observed higher levels of CT-B staining (Fig. 2 ) and higher levels of GEM aggregation (Fig. 3 
) in resting B3gnt5
−/− B cells, which could be the reason for their enhanced response to BCR stimulation. Because there were no differences in the total amount of GM1 and BCR-related molecules (e.g., BCR, CD19, Lyn), we hypothesize that some abnormalities or alterations of GEM microstructure might have occurred. We found that there was no increased expression of genes relating to the biosynthesis of GM1. This finding indicates that GM1 synthesis was not upregulated at the level of gene expression. In addition, on the basis of the results of MS glycan analysis, as shown in Fig. 1 and Fig. S2 , lacto/neolacto-series GSLs are present as a minor component of total GSLs. On the other hand, GM1 is the major component of total GSLs in mouse B cells. In fact, the pattern of MS spectra indicated no marked change in the amount of GM1, except for the decreased peak intensity related to lacto/neolactoseries GSLs. Nonetheless, the data raise the possibility that acceptor substrate (i.e., lactosylceramide) is shifted from the lacto/neolactoseries GSL synthetic pathway to the GM1 synthetic pathway. However, lacto/neolacto-series GSLs are normally only minor components in total GSLs, and it is difficult to accept that they are the reason for the increase in GM1. MS analysis or orcinol staining on TLC is, in general, poorly quantitative. Therefore, we performed TLC-immunoblotting as a more quantitative mode of analysis of GM1 GSL (Fig. S6) . The results demonstrated that the total amount of GM1 did not differ between WT and B3gnt5 −/− mice. Concerning the brighter CT-B staining, we speculate that the alteration of GEM microstructure may cause the "unmasking" of GM1. Another possibility is that the alteration of GEM microstructure may affect the accessibility of GM1 molecules for CT-B. The clustering effect of GM1, caused by the ease of patching of GEM, may enhance the staining of CT-B. By immunoblotting, we observed slightly increased CT-B staining in separated GEM fractions. We interpret this as the result of the biochemical isolation of GM1 in clustered (patched) GEMs, as shown in Fig. 3 . It is known that the microstructure of GEMs reflects their biochemical characteristics and that GM1 in clustered GEMs differs from monomolecular GM1. In general, lectin-like proteins, which can bind to glycans, exhibit stronger affinity to multivalent ligands than to monovalent ligands. CT-B is also known to form pentamer structures (25) . It is possible that the clustered GEMs might be easily (and strongly) stained with CT-B in Figs. 2 and 3 . However, we have not obtained enough evidence to explain the changes in GEM microstructure at this time. Although GEMs have been studied by a large number of groups, relatively little is known about their biochemical characteristics. Further study is therefore required to identify the detailed biological functions of ganglioside and GEMs.
One important issue in GEM function is their aggregation. There is now a consensus that GEMs are too small to be observed by light microscopy before stimulation (26) . It is also reported that GEM formation is reversible, so that they exist only as transiently stabilized structures. GEMs can coalesce on clustering of their components, such as the BCR in B cells, with ligands, antibodies, and/or proteins having lectin activity. The small individual GEMs cluster into larger, visible, and functional units; such clustering facilitates efficient interaction of GEMassociated proteins. In the case of GPI-anchored proteins, such as CD59, dynamic and transient recruitment of GM1 to CD59 clusters was observed by single-molecule tracking and taken to suggest the involvement of GEMs in signal transduction (27) . In this case, to form GEMs, clustering of such receptor molecules causes gathering of cholesterol and GSLs, such as GM1, around themselves. On the other hand, cross-linking of GM1 induces patching on the cell surface, resulting in signal transduction. Disruption of GEMs inhibits cell activation (13) . Thus, both the association of receptor complexes and the platform of clustered GEMs are important for signaling via the GEMs. B3gnt5 −/− resting B cells showed enlarged GM1 patches on their surface, resulting in increased BCR clustering. We observed no significant differences regarding the ratio of leukocyte populations in blood between WT and B3gnt5 −/− mice. However, the data at 0 min in Fig. 5 showed that phosphorylation signals were slightly up-regulated in intact B3gnt5 −/− B cells, and we found that Igs in serum were slightly increased in B3gnt5 −/− mice (Fig. S4) . We interpret these data as implying that the clustering of GEMs containing GM1 occurred more readily in B3gnt5 (Fig. 5C ). This result indicated that B3gnt5 −/− B cells could be activated more easily than WT B cells.
We speculated that the up-regulation of GM1 clustering caused by the absence of PLN chains from GSLs depends on structural alterations at the cell surface, such as changes in lattice structures. These structures, consisting of galectin-carbohydrate cross-linked on the cell surface, regulate signal transduction through receptor segregation and turnover, and they also modulate cellular interaction (28) . Their formation on the cell surface depends on galectin binding to LacNAc (Gal) residues on glycoproteins and GSLs (28, 29) . However, the formation of lattice structures is proposed to occur only via glycoprotein-glycoprotein interactions. On the other hand, Galectin-1 can bind to GM1 and 1B2-1B7-reactive GSL-containing PLN chains (30) . These interactions mainly result in inhibitory effects on the diffusion of receptor molecules and small GEMs. The decreased lattice structures in B3gnt5 −/− B cells may be attributable to lectin-mediated interactions of GSLs-GSLs, and/or glycoproteins-GSLs, and may cause the rapid aggregation of GEMs. In B3gnt5 −/− resting B cells, the small GEMs can easily aggregate into larger units when receptor complexes are formed. Thus, B3gnt5
−/− B cells also exhibit up-regulated phosphorylation signals and hyperproliferation, as shown in this study. Galetin-1 negatively regulates B cell proliferation and Tyr-phosphorylation on BCR stimulation (31) . Marked up-regulation of galectin-1 (Lgals1) and galectin-3 (Lgals3) gene expression has been demonstrated in anergic B cells (32) . These data suggest that interactions of galectins and glycans may also play a role in the regulation of immune tolerance. Dissecting the detailed mechanisms responsible for enhanced GEM formation in B3gnt5 −/− B cells is an attractive subject for future study.
In addition, we observed that the behavior of BCR and BCRrelated molecules was different between WT and B3gnt5 −/− B cells in the GEM fraction. As seen in Fig. 4 and Fig. S7 , BCR and the signaling molecule Lyn are more abundant in the GEMs of B3gnt5 −/− B cells than in those of WT B cells, and thus seem to be up-regulated on translocation of these molecules into GEMs. In Fig. 4 , fractions 1-4 are observed as CT-B-positive bands in both WT and B3gnt5 −/− B cells. We observed that the expression pattern of BCR, CD19, and Lyn corresponds to the GEM frac-tion, which suggests the incorporation of these molecules into GEMs. We thought that these molecules move into the GEM fractions. There is a large amount of these molecules in GEMs of B3gnt5 −/− B cells stimulated with anti-CD19 Ab alone (Fig. S7 ). This observation also indicates that GEM-related molecules, such as BCR, CD19, and Lyn, seem to be translocated into GEMs. Alternatively, it is clear that a large amount of BCR molecules exists in the GEM fraction in B3gnt5 −/− B cells as compared with WT B cells. This result reflects the state of increased ease of activation in B3gnt5 −/− B cells as compared with WT B cells.
We also think that there is no possibility that expression of BCR, CD19, or Lyn was up-regulated in B cell lysates. As shown in Fig. 2 , there is no difference in the cell surface expression of these molecules between WT and B3gnt5 −/− B cells, as quantified by FCM analysis. In addition, Western blotting data on their presence in B cell lysates (Fig. S5) showed that the amount of these molecules did not differ between WT and B3gnt5 −/− mice. However, Fig. 4 shows that the amount of BCR and/or CD19 protein in non-GEM fractions might be slightly increased. Before isolation of the GEM fraction, the lysates were separated by brief centrifugation at maximum speed to exclude nuclei and some cytoskeleton proteins, including actin. It has been reported that BCR molecules associate with certain cytoskeletal proteins; for example, cytoskeleton components, such as actin, associate with GEMs or GEM proteins, such as BCR. Actin polymerization regulates the strength of BCR stimulation (33, 34) . Therefore, during this procedure, it is possible that the interaction between BCR molecules and the cytoskeleton might be affected by any alteration of GEM structure. However, we have no data to explain this difference directly at this time. In this case, it is difficult to be sure that total BCR staining is equivalent in WT and B3gnt5 −/− B cells. In this study, we focused attention on the difference in the behavior of these molecules around the center or adjacent fractions of GEMs between WT and B3gnt5 −/− mice. There are at least two possible molecular mechanisms that could be responsible for the phenomenon observed in B3gnt5 −/− B cells. First, BCR-CD19 complexes are transferred efficiently into GEMs, because many more clustered GEMs are formed in B3gnt5 −/− B cells than in WT B cells. Second, PLN on GSLs may control the behavior of glycoprotein entry into or exclusion from GEMs. To test this hypotheses, we would need to elucidate further which molecular interactions are altered by GSL-(poly)lactosamine deficiency. The results presented here suggest that PLN on GSLs is a putative immune regulatory factor. PLN chains on GSLs may have an important role in suppression of excessive responses in the immune system in the same manner as PLN on N-glycans of glycoprotein. The deletion of a specific glycosyltransferase gene in knockout mice indicates that some glycosyltransferases are essential for immune system integrity. In the present study, we revealed that lacto/neolacto-series GSLs might also have significant effects on biological function in the immune system.
Experimental Procedures
Detailed information on the experimental procedures of this study, including generating B3gnt5-deficient mice, extraction of GSLs, glycan analysis, FCM analysis, fluorescence microscopy analysis, fractionation of GEMs, immunoblotting, cell proliferation assays, T-independent Ab production, and others, is provided in SI Experimental Procedures and Results. Materials, including the Abs and probes used, and glycosphingolipid structures are also described in SI Experimental Procedures and Results.
